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Abstract
The study of photon-induced reactions in collisions of heavy nuclei at RHIC
and the LHC has become an important direction of the research program of
these facilities in recent years. In particular, the production of vector mesons
in ultra-peripheral collisions (UPC) has been intensively studied. Owing
to the intense photon fluxes, the two nuclei participating in such processes
undergo electromagnetic dissociation producing neutrons at beam rapidities.
Here, we introduce the nOOn (pronounced noon) Monte Carlo program, which
generates events containing such neutrons. nOOn is a ROOT based program
that can be interfaced with existing generators of vector meson production
in UPC or with theoretical calculations of such photonuclear processes. nOOn
can also be easily integrated with the simulation programs of the experiments
at RHIC and the LHC.
Keywords: Ultra-peripheral collisions, Photonuclear interactions, Nuclear
break-up
PROGRAM SUMMARY
Program Title: nOOn
Licensing provisions: GNU GPLv3
Programming language: C++
External routines: The generator is based on ROOT
Nature of problem: The electromagnetic fields of nuclei at RHIC and the LHC
can be described as a flux of quasi-real photons. These photons may interact with
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one of the nucleus in the opposite beam. There are events of interest where two
independent interactions occur, one involving a hard scattering and one from the
exchange of soft photons. As a result of the latter, the nucleus get excited and
upon de-excitation it may emit neutrons, which are boosted to beam rapidities.
The program computes the probability of neutron emission based on existing mea-
surements and some mild modelling; it then generates neutrons in a per-event
basis.
Solution method: The break-up probabilities are computed using existing data
and stored in ROOT objects (graphs and histograms). Photon energies from the
accompanying hard process, e.g. vector meson production, are loaded into the pro-
gram and a catalogue of specific break-up probabilities is constructed. The number
of neutrons emitted in the event is generated and the neutrons are produced and
boosted into the laboratory frame. The output is a TTree with a TClonesArray
of TParticles per event, which can be easily interfaced to the simulation programs
of the RHIC and LHC collaborations.
Restrictions: At the moment only emission from Pb is available.
References: https://github.com/mbroz84/noon and references in this article.
1. Introduction
The strong electromagnetic field of the particles circulating at the Rela-
tivistic Heavy Ion Collider (RHIC) and at the Large Hadron Collider (LHC),
can be understood as a flux of quasi-real photons as proposed by E. Fermi [1,
2]. As the flux intensity depends on the square of the electric charge of the
particle, heavy ions at these facilities produce an intense flux of photons.
For this reason, these accelerators can be consider as photon-nucleus and
photon-photon colliders. If the incoming particles approach each other at
impact parameters larger than the sum of their radii, and because the strong
force is short range, hadronic interactions are suppressed and only photon-
induced processes are possible. Such reactions are called ultra-peripheral
collisions (UPC). See [3, 4, 5, 6] for an in-depth review of the subject and [7]
for an overview of recent results at the LHC.
One process that has attracted a lot of attention is the coherent pro-
duction of a vector meson. This is because it is expected to be particularly
sensitive to the target structure and its evolution within quantum chromo-
dynamics (QCD) [8]. As examples, one can mention the measurements at
RHIC of ρ0 [9, 10, 11, 12] and J/ψ [13] vector mesons, or the measurements at
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the LHC of ρ0 [14, 15], J/ψ [16, 17, 18, 19, 20], ψ′ [21] and Υ [22] production
in UPC.
The electromagnetic fields of the nuclei at RHIC and the LHC are so
intense that the cross section for the exchange of a soft photon that excites
at least one of the nuclei, a process known as electromagnetic dissociation
(EMD), is very large. This cross section has been measured by ALICE at
the LHC [23]. EMD is implemented in the RELDIS [24, 25] which describes
reasonably well the measured data.
Indeed, these electromagnetic fields are so strong that the probability
that the particles participating in the production of a vector meson in UPC
undergo an additional and independent exchange of photons is very large.
Such an interaction may excite the nuclei producing neutrons which are very
slow in the rest frame of the emitting nucleus. See e.g. [25] for a review. At
RHIC and the LHC these neutrons are strongly boosted and appear at beam
rapidities.
Since the probability of producing such neutrons is large, online trig-
gers aiming to select UPC events have been implemented based on neutrons
detected by Zero Degree Calorimeters. Interestingly, UPC events with a co-
herently produced vector meson accompanied by neutrons at beam rapidities
have also been proposed as a probe to study QCD [26, 27]. In UPC events
either of the incoming nucleus can serve as the photon source. For vector
mesons produced at rapidities different from zero there is a two-fold ambigu-
ity on the photon energy. To study the energy dependence of this process it
is important to have a way to effectively determine the photon energy. The
measurement of vector mesons at a given rapidity and in terms of the number
of neutrons at beam rapidities has been proposed as a tool to disentangle the
two photon energies [26, 27]. Theoretical predictions for these processes for
the current conditions at the LHC have been recently reported in [28].
To perform measurements of UPC events accompanied by neutrons, as
discussed in [28], a Monte Carlo (MC) generator that produces events with
neutrons at beam rapidities is highly desirable. There are MC programs like
STARlight [29] that generate the vector mesons and provide cross sections
for events with forward neutrons, but unfortunately, STARlight does not
provide final state neutrons in the event output.
In this article, we present the generator nOOn(pronounced noon) which,
apart from generating forward neutrons, can easily be integrated to the simu-
lation software of the RHIC and LHC collaborations. nOOn can take as input
either events produced by MC generators like STARlight or it can also use
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theoretical predictions of vector meson photoproduction.
2. Theoretical formalism
As mentioned above, owing to the large photon flux from nuclei at RHIC
and the LHC, in UPC there is a large probability that photon exchanges will
excite one or both of the colliding nuclei. Assuming that the sub-processes
are independent, the cross section of a UPC accompanied by the break-up of
one or both nuclei is [26]:
σ(AA→ PA′iA′j) ∝
∫
d2~bPP (b)Pij(b) exp(−PH(b)), (1)
where P denotes the final state produced by the hard process (in this study we
assume a coherently produced vector meson),~b denotes the impact parameter
with b its magnitude, i, j = 0, 1, 2 . . . are the number of neutrons emitted
by the nucleus on either side, and A′i,j represents the ion after the neutron
emission.
There are 3 probabilities in this equation:
(a) The probability of the hard photoproduction process, PP (b).
(b) The probability of nuclear break-up with emission of i and j neutrons
from the first and second nucleus, respectively, Pij(b).
(c) The probability of a hadronic interaction, PH(b).
2.1. The probability of no hadronic interaction
The factor exp(−PH(b)) in Eq. (1) ensures that the reaction is unaccom-
panied by hadronic interactions. Therefore, in this work we only consider
the Coulomb break-up of the nucleus. PH(b), the mean number of nucleons
in the A and B incoming nuclei that interact at least once, is given by
PH(b) =
∫
d2~rTA(~r −~b)(1− exp(−σNNTB(~r))), (2)
where σNN is the nucleon-nucleon inelastic cross section at the corresponding
centre-of-mass energy, TA(~r) is the nuclear thickness function
TA(~r) =
∫
dzρA(
√
|~r|2 + z2), (3)
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Figure 1: (Colour online) Nuclear density as a function of the distance from the centre
of the 208Pb nucleus (a). Probability of no hadronic interaction between two nuclei as
a function of the impact parameter (b). The red line corresponds to a WS distribution,
while in the hard-sphere approximation ρA(s) is given by a Heaviside function.
and ρA(s) is the nuclear density for the nucleus A at a distance s from its cen-
tre; it can be modelled, for example, with a Woods-Saxon (WS) distribution.
For symmetric nuclei
ρA(s) =
ρ0
1 + exp( s−RWS
d
)
, (4)
withRWS and d appropriate parameters. Figure 1 shows the impact-parameter
dependence of this probability and of the nuclear thickness for 208Pb, which
is used at the LHC.
2.2. Probability of the hard process
The probability PP (b) is given by
PP (b) =
∫
dk
d3n(b, k)
dkd2~b
σγA→PA(k), (5)
where σγA→PA(k) is the cross section of the photonuclear process P , and the
flux of photons produced with energy k at b, in the semi-classical approxi-
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mation [3, 4, 5, 6], can be expressed by:
d3n(b, k)
dkd2~b
=
Z2α
pi2γ2
k
[
K21(
kb
γ
) +
1
γ2
K20(
kb
γ
)
]
, (6)
where γ is the Lorentz factor, Z the electric charge of the nucleus, α the elec-
tromagnetic coupling constant and K1 a Bessel function. The combination
of Eq. (1) and Eq. (5) yields:
σ(AA→ PA′iA′j) ∝
∫
d2~b
∫
dk
d3n(b, k)
dkd2~b
σγA→PA(k)Pij(b) exp(−PH(b)).
(7)
In a given interaction the value of k is fixed and for exclusive interactions
it can be derived from the kinematics of the final state. For the case of the
coherent production of a vector meson k depends only on the invariant mass
(M) and rapidity (y) of the produced vector meson:
k =
1
2
MV exp(±y). (8)
For that value of k, σγA→PA(k) can be treated as a constant and Eq. (1) can
be rewritten in a simpler form:
σ(AA→ PA′iA′j)
∣∣
k=const
∝
∫
d2~b
d3n(b, k)
dkd2~b
Pij(b) exp(−PH(b)). (9)
Then, the probability that a photoproduction event P , associated with a
photon of energy k, is accompanied by nuclear break-up can be defined as:
P (AA→ A′iA′j)
∣∣
k=const
=
∫
d2~bd
3n(b,k)
dkd2~b
exp(−PH(b))Pij(b)∫
d2~bd
3n(b,k)
dkd2~b
exp(−PH(b))
. (10)
2.3. Nuclear break-up probability
The probability for nuclear break-up, under the assumption of indepen-
dent nuclear break-up, can be factorised as the product of the break-up
probabilities of each nucleus:
Pij(b) = Pi(b)× Pj(b). (11)
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Figure 2: (Colour online) The cross section σγA→A′+Xn(k) for 208Pb. Various experiments
and approaches are used to describe different energy ranges. See text for details.
Let PXn be the probability of nuclear break-up of one nucleus to a state
with any number (X) of neutrons (n). Under the assumption of a Poisson
distribution, the probability of having exactly L neutrons is:
PLn(b) =
(P 1Xn(b))
L × exp(−P 1Xn(b))
L!
, (12)
while the probability to have at least one excitation is:
PXn(b) = 1− exp(−P 1Xn(b)). (13)
Here P 1Xn(b) is the mean number of the Coulomb excitations of the nucleus
to any state which emits one or more neutrons. It has a similar form to that
of PP (b), shown in Eq. (5):
P 1Xn(b) =
∫
dk
d3n(b, k)
dkd2b
σγA→A′+Xn(k). (14)
The cross section σγA→A′+Xn(k) is shown in Fig. 2. It is determined using
experimental data from fixed-target experiments covering the range of photon
energies up to k < 16.4 GeV [30, 31, 32, 33, 34, 35, 36, 37]. The data of [30]
have been corrected according to [38]. For larger energies the Regge theory
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Figure 3: P 1Xn(b) from Eq. (14) for the case of
208Pb.
parametrisation from [39, 40] is used. The impact-parameter dependence of
P 1Xn(b) computed using this cross section is shown in Fig. 3.
In a similar way the probability of a nucleus going into a state with N
neutrons is:
P 1Nn(b) =
∫
dk
d3n(b, k)
dkd2b
σγA→A′+Nn(k), (15)
such that
P 1Xn(b) =
∞∑
N=1
P 1Nn(b). (16)
Explicitly, the first few terms are
P1(b) = P
1
1n(b)× exp(−P 1Xn(b)), (17)
P2(b) = [P
1
2n(b) +
(P 11n(b))
2
2!
]× exp(−P 1Xn(b)), (18)
P3(b) = [P
1
3n(b) + 2P
1
2n(b)P
1
1n(b) +
(P 11n(b))
3
3!
]× exp(−P 1Xn(b)). (19)
This means for example, that two neutron states can be produced either by
direct two neutron emission or by two emissions of one neutron; contribu-
tions to the three neutron states are from three one-neutron emissions, one
emission of three neutrons, or emissions of one and two neutrons. The sum of
8
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Figure 4: (Colour online) Nucleus break-up probabilities for 208Pb as a function of impact
parameter Pi(b) for various neutron multiplicities including the no-break-up scenario and
break-up to any number of neutrons.
these higher order excitations and their various combinations form together
PXn(b) from Eq. (13). Fortunately, since P
1
Xn(b) is small even at small im-
pact parameters, to integrate more than 99% of the probability, it is enough
to sum up to 6 excitations and the probability of higher-order contributions
falls down very quickly, as shown in Fig. 4.
In principle, the unitarity condition
∞∑
N=1
PNn(b) = PXn(b) (20)
should be fulfilled. At the same time, its implementation is not trivial. Higher
order excitations can easily produce neutron multiplicities which are out of
the region of interest, or are non-physical since they exceed the number
of neutrons in the nucleus. By default the generator computes break-up
probabilities up to 50 neutrons and 5 excitations, which is enough for the
applications to RHIC and LHC that we have in mind.
The sum
∑∞
N=1 PNn(b) is renormalised at every b step to be equal to
PXn(b). The renormalisation constant, given by the ratio
∑∞
N=1 PNn
PXn
, is shown
in Fig. 5. It is around 0.8 at small impact parameters, while at 30 fm it
reaches a plateau at around 0.98. It is worth to mention that increasing
9
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the number of excitations to 6 or more would not significantly change the
predictions of nOOn.
3. Generation of neutron multiplicity and energy
3.1. Generation of neutron multiplicity
To compute the Coulomb break-up of the nucleus to a defined number of
neutrons using Eq. (16) and Eq. (19) the partial cross sections σγA→A′+Nn(k)
are needed for the full photon energy range covered at the LHC. Note that
the cross sections naturally decrease very fast with increasing number of
neutrons. Furthermore, taking into account the precision of the current and
expected UPC measurements it is justified to make some reasonable approx-
imations.
Clearly, the most important region of the total cross section is the Giant
Dipole Resonance (GDR) peak at low energies. The GDR excitations pro-
duce mainly final states with one or two neutrons and were investigated in
detail by various experiments. The measurement of partial cross sections,
up to 10 neutrons and up to 140 MeV, is reported in [31]. Thus, in the
low-energy region these precise data, which are shown in Fig. 6, are used.
The same collaboration used the partial cross sections to extract the aver-
age and the dispersion of the number of neutrons as a function of the incident
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Figure 6: (Colour online) Partial cross section for 208Pb and various neutron multiplicities
as measured by the experiments quoted on the figure.
photon energy [41]. Various approaches based on different motivations and
background considerations were used to extrapolate these averages to higher
energies [42]. One of them, was followed here: the average and dispersion, as
a function of photon energy, was fitted to a logarithm and extrapolated to
higher energies. Even though the range of the extrapolation here is rather
large—the fit covers one order of magnitude in energy, up to 140 MeV, and
the extrapolation is up to 109 MeV—the fact that the evolution is logarithmic
helps to stabilise the numerical results.
We found that this approach seems to work rather well in describing the
neutron multiplicity as a function of the photon energy. Figure 7 shows both
the data used for the fit and the logarithmic extrapolation function. The line
shows the average and the band represents the dispersion. This approach is
compared with results of the RELDIS model [25] and found in rather good
agreement.
As mentioned above, no measurement of the partial cross sections or
neutron multiplicities exists above 140 MeV. Nonetheless, information on the
shape of the neutron multiplicity distribution at photon energies of 199 MeV
and 390 MeV is reported in [32]. Figure 8a shows the shape of the neutron-
multiplicity distribution as measured by [32]. These shapes are convoluted
with the efficiency of the neutron detectors used in the experiment ( = 0.7).
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Figure 7: (Colour online) Arithmetic average (line) and dispersion (dashed area) of neutron
multiplicity as a function of the incident photon energy. The approach used here and the
prediction of the RELDIS model [25] are shown in red and with a dash line, respectively.
Using a binomial response matrix, with the singe hit efficiency mentioned
in [32], the shapes have been de-convoluted and found to be in a rather good
agreement with Gaussian shapes as shown in Fig. 8b .
In summary, the branching ratios to each partial cross section are com-
puted from the fit by extrapolating the arithmetic average and dispersion
shown in Fig. 7, and using a Gaussian approximation for the shape. A map
of the branching ratios as a function of the incident photon energy is shown
in Fig. 9.
3.2. Neutron energy generation
Measurement of the spectra of secondary particles from a mono-energetic
source of photons are currently limited. Fortunately, the neutron energy
dependence strongly influences the relative population of various product
nuclides when multi-particle production is possible. Thus, one can rely on
the accuracy of the evaluated spectra when the measured and calculated
cross sections are in good agreement.
We used the emission spectra of the secondary particles from the Pho-
tonuclear Data for Applications project of the International Atomic Energy
Agency [43]. Tables are available in the Evaluated Nuclear Data File (ENDF)
format [44].
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Figure 8: (Colour online) Multiplicity distribution as measured by [32] at photon energies
of 199 MeV and 390 MeV (a). Unfolded multiplicity distributions (b).
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Figure 10: (Colour online) Evaluated nuclear data. Emission spectra of secondary neutrons
from photo-neutron reactions on 208Pb. Full size of the spectra up to 140 MeV as taken
from ENDF database (a) and the low energy region of the same data (b) [43].
The energy of the incident photon is expected to be distributed according
to the partial cross sections. Neutrons are produced in the rest frame of
the nucleus with an energy generated using the ENDF table (see Fig. 10)
and having an isotropic angular distribution. They are then boosted to the
laboratory frame either to positive or negative direction.
4. Program flow
This section provides information on the flow of the program code.
• Initialisation
– Data for TGraphs/TH1s as seen on Fig. 2 and Fig. 6 are loaded.
– The extrapolation fit shown in Fig. 7 is loaded and the branching-
ratio map (Fig. 9) is constructed.
– The hadronic interaction probability as seen on Fig. 1 is con-
structed and stored as a TGraph.
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Figure 11: (Colour online) Properties of the generated neutrons in the rest frame of the
emitting nucleus. Total energy (a) and isotropic angular distributions (b) for the polar
(blue) and azimuth (red) angles.
– The nucleus break-up probability as a function of impact param-
eter is stored in a TGraph. By default up to 50 neutrons are
constructed using Eq. (13) and Eq. (19) as partially shown in
Fig. 4.
– Photon fluxes are computed as a function of energy and stored as a
TGraph. This includes the full unmodified flux, the denominator
from Eq. 10, and fluxes for every combination of i,j using the
nucleus break-up probabilities from the previous step and Eq. (11).
The symmetry of the collision system is taken into account and
the flux for any number of neutrons is stored as well. In total
these are 1277 TGraphs for a maximum of 50 neutrons.
– The neutron emission spectra from the ENDF database are loaded
either from the ASCII file itself or from a TH2 previously stored.
– Run-time quality-assurance histograms are initialised.
– The TTree event with TParticle objects in a TClonesArray for the
generated neutrons is initialised.
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Figure 12: Properties of the generated neutrons in the LHC frame for Run 2 energies.
Total energy (a) and pseudorapidity η (b).
• Event generation
– An external entity must provide the photon energy participating
in the process P in an event-by-event basis. Two possibilities are
currently implemented in the generator. It can either run together
with the STARlight Monte Carlo program [29] or use theory curves
for photonuclear cross sections. The generator can also be easily
interfaced to any external software package.
– The triangular map of break-up probabilities per number of neu-
trons on either side is constructed for the current photon energy.
– The number of neutrons to create on each side is defined as a ran-
dom variable distributed according to the map from the previous
step.
• Particle generation
– The emission spectra from the ENDF database are used here. The
break-up photon energy is distributed according to the partial
cross section. Once the multiplicity of neutrons per side is known,
the break-up photon energy is generated.
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– Using the emission spectra the bin corresponding to the energy of
break-up photon is found. As shown on Fig. 10 the spectra goes
only up to 140 MeV. For energies higher than 140 MeV the last
bin of the spectrum is used.
– Neutrons are created in the rest frame of the nucleus with the
kinetic energy distributed according to the one-dimensional slice of
the emission spectra from the previous step. The total momentum
is computed from the kinetic energy, and the angular distributions
are generated to be isotropic. These kinematic distributions are
shown in Fig. 11.
– The neutrons are boosted into the laboratory frame. The en-
ergy and pseudorapidity distributions of the boosted neutrons are
shown in Fig. 12.
– TParticle objects are created on the TClonesArray and stored in
the event TTree. At this step the units are changed from MeV to
GeV.
5. Example of possible applications
5.1. Results from running as STARlight afterburner
The STARlight generator [29] is currently the most popular Monte Carlo
program for UPC studies. For this reason we have used it here to provide
the example. However, we expect that other MC such as PYTHIA [45] or
SuperChic [46] can be easily coupled to Noon.
An interface to STARlight is provided through the ROOT class TStarlight,
so that to each event one can add the neutrons produced by the nOOn gen-
erator. It is then trivial to pass these neutrons (along with the particles
produced by STARlight) through the detailed simulation of the experiments.
As an example, Fig. 13 shows the neutron multiplicity distributions for
the coherent production of ρ0 at mid-rapidity for Run 2 LHC energies for
events generated by STARlight.
5.2. Results from running with theory input
The neutron generator nOOn can also use theory predictions as a function
of rapidity for the cross section of the coherent photonuclear production of a
vector meson, together with the mass distribution of the vector meson (see
Eq. (8), to produce neutron multiplicities in a selected rapidity range.
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Figure 13: (Colour online) Normalised neutron multiplicity distributions for coherent pro-
duction of ρ0 (a) at the LHC energies of Run 2 in Pb–Pb UPC for events generated with
the STARlight program. The vector mesons were generated at mid-rapidity |y| < 1.0.
The blue (red, green) line represent events with no (one, two) neutrons in one side an any
number (larger than zero, Xn) of neutrons in the other side.
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As an example, the predictions of the energy-dependent hot-spot model [47]
applied to the coherent photonuclear production of a ρ0 and J/ψ vector me-
son [48, 49] were taken as an input. These cross sections are total, in the
sense that are independent of the potential emission of neutrons at beam ra-
pidities. Using the nOOn program the predictions of this model were separated
into the contributions from events without neutrons (0n0n) with neutrons in
only one side (0nXn+Xn0n) and with neutrons in both sides (XnXn). The
resulting cross sections are shown in Fig. 14.
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Figure 14: (Colour online) Expansion of the predictions for coherent photonuclear produc-
tion of ρ0 (left) and J/ψ (right) as function of rapidity into different classes of neutrons
at beam rapidities. The energy-dependent hot-spot model [47, 48, 49] is used as input to
the nOOn program.
6. Conclusions and outlook
We have presented the nOOn Monte Carlo program that fills an important
void for studies of photon-induced processes at the LHC. nOOn produces in an
event-by-event basis neutrons originating from electromagnetic dissociation
interactions between the colliding heavy nuclei at facilities like RHIC and
the LHC.
The input to nOOn can be either the STARlight MC program or theoretical
predictions for hard reactions in photonuclear processes, like the energy-
dependent hot-spot model discussed above. The output of nOOn is easily
19
interfaced to the simulation program of the collaborations at RHIC and the
LHC.
Although we have focused the examples on coherent vector meson pro-
duction, nOOn can also be very promising for studies of other photon-induced
processes such as jets in UPC [50] and light-by-light scattering [51, 52, 53].
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